Abstract-Cyclic mechanical loading is perhaps the most important physiological factor regulating bone mass and shape in a way which balances optimal strength with minimal weight. This bone adaptation process spans multiple length and time scales. Forces resulting from physiological exercise at the organ scale are sensed at the cellular scale by osteocytes, which reside inside the bone matrix. Via biochemical pathways, osteocytes orchestrate the local remodeling action of osteoblasts (bone formation) and osteoclasts (bone resorption). Together these local adaptive remodeling activities sum up to strengthen bone globally at the organ scale. To resolve the underlying mechanisms it is required to identify and quantify both cause and effect across the different scales. Progress has been made at the different scales experimentally. Computational models of bone adaptation have been developed to piece together various experimental observations at the different scales into coherent and plausible mechanisms. However additional quantitative experimental validation is still required to build upon the insights which have already been achieved. In this review we discuss emerging as well as state of the art experimental and computational techniques and how they might be used in a mechanical systems biology approach to further our understanding of the mechanisms governing load induced bone adaptation, i.e., ways are outlined in which experimental and computational approaches could be coupled, in a quantitative manner to create more reliable multiscale models of bone.
INTRODUCTION
Mechanical conditioning of the tissue has been identified as one of the major contributors to both cortical and trabecular bone adaptation. 81 Trabecular bone, in particular, has been shown to have a more enduring sensitivity to mechanical stimulation in human adults, 4, 26 with this in mind this review focuses primarily on trabecular bone adaptation. Mechanically driven trabecular-bone-adaptation is a process which spans multiple spatial and temporal scales. At cell -level, molecular mechanisms respond within seconds to forces defined at the organ-level, while orchestrating, at tissue-level, the addition or removal of bone over time scales which vary between months and years. 56 The exact mechanisms governing trabecular bone mechanobiology remain unknown. Current experimental approaches aimed at providing further insight are typically limited to one particular level of hierarchy only, neglecting the effect of other scales. In contrast, computational approaches are not physically limited to one scale only, but have, up until recently, existed in isolation. Furthermore, their outputs lack quantitatively precise definition and validation. To move toward, a more precise description of trabecular bone mechanobiology will be necessary to combine quantitatively precise in vivo and in vitro data retrieved from the different scales with multiscale in silico models of trabecular bone adaptation. This approach, which we would like to term mechanical systems biology, demands the development of (a) experimental methods using existing in vivo and in vitro model systems for load-induced bone adaptation; and (b) a novel computational framework capable of merging or nesting existing computational models for bone adaptation which attempt to simulate bone mechanobiology at the different scales. With this in mind, we review state-of-the-art in vivo and in vitro systems used for studying load induced bone adaptation along with the technologies used to quantify gene expression, bone formation and the mechanical environment at the celllevel and the tissue-levels, respectively. We also discuss state-of-the-art in silico models of load-induced bone adaptation and how they are beginning to be merged into multiscale frameworks. Finally, we outline future strategies for extracting data from multiple scales using experimental model systems with the latest imaging and molecular technologies in a high-throughput manner. Furthermore, we discuss how this can be used to shape, feed and validate the next generation of multiscale computational models for bone mechanobiology.
STATE-OF-THE-ART CELL-AND TISSUE-LEVEL EXPERIMENTAL SYSTEMS
Bone is a dynamic tissue which responds to mechanical stimulation. Cyclic overloading causes a net increase in bone mass, while disuse has been shown to result in significant reductions. Cortical as well as trabecular bone tissue is formed and resorbed by cells known as osteoblasts and osteoclasts, respectively. These cells are derived from mesenchymal and hematopoietic stem cells respectively, which reside in the bone marrow. It is widely hypothesized that osteocytes, residing in the bone matrix, control osteoblasts, and osteoclasts in response to cyclic mechanical loading. 9, 10, 46 These cells are ideally located and distributed to act as mechanosensors: They represent 90-95% of all cells residing inside the mineral matrix in the adult skeleton. They are regularly dispersed throughout the bone matrix and they are connected to each other and cells on the bone surface via dendritic processes that occupy tiny canals called canaliculi.
38, 63 The exact mechanisms by which osteocytes sense mechanical load and choreograph the actions of osteoblasts and osteoclasts remain unknown. A variety of in vitro and in vivo experimental approaches at both cell-and tissue-level have been employed in an attempt to provide more insight, however owing to inherent limitations, state-of-the-art experimental methods are only able to provide part of the picture.
At cell-level, in vitro approaches using co-culture systems have been used to investigate the dependency of osteoblast and osteoclast function on osteocytes.
Heino et al. 33 tested the hypothesis that soluble factors secreted by osteocytes stimulate bone formation by increasing osteoblast activity. Culture medium from osteocyte-like MLO-Y4 cell line was used to condition mice osteoblasts. Results showed that calcium deposition by osteoblasts was increased almost four fold. The bone matrix protein osteocalcin (OCN) as well as the osteoblast activity marker alkaline phosphatase (ALP) increased according to the amount of MLO-Y4 culture medium added. The proliferation rate of osteoblasts was also increased. The exact molecular mechanisms responsible for these observations are yet to be resolved. In another study, Zhao et al. 86 hypothesized that osteocytes regulate osteoclast function. Co-culturing MLO-Y4 with cell populations containing osteoclast precursors (murine spleen or marrow cells) on a dentine substrate resulted in significant larger area of resorption pits and pit numbers as well as in a higher number of tartrate-resistant acid phosphatase (TRAP) stained multinucleated osteoclasts, when compared to monocultures. The receptor activator of nuclear factor-jB ligand (RANKL) has been identified both in vitro 34 as well as in vivo 52,83 as a major factor responsible for osteocytic activation of osteoclast activity. After secretion by osteocytes, RANKL activates the osteoclastic resorption activity by binding to the receptor activator of nuclear factorjB (RANK) on the osteoclast membrane. Furthermore increased osteocytic RANKL expression has been shown to be a major contributor to unloadinginduced bone resorption. 83 Other studies have looked at the effect of specific factors which are known to be produced by osteocytes following mechanical stimulation. Sclerostin has been identified as a molecule that inhibits bone formation 59 and is preferentially expressed by osteocytes. 73, 80 By treating human primary osteoblasts with differing concentrations of sclerostin, Atkins et al. 7 demonstrated that their capacity to mineralize was significantly reduced. More specifically, treatment of human primary osteoblasts with sclerostin concentrations down to 1 ng/ml inhibited calcium incorporation into the matrix of bone cultured in vitro. At the same time the expression of the bone matrix protein collagen 1, phosphate-regulating gene PHEX and OCN were down regulated.
To better characterize the factors released by osteocytes in response to mechanical stimulation cell culture systems have been developed to expose osteocytes (or their precursors) to shear stresses via fluid flow 17, 36, 42, 43 or direct mechanical deformation using deformable substrates. 29, 57, 85 For example, using osteocytes derived from embryonic chicken calvariae, Klein-Nulend et al. 43 showed that intermittent hydrostatic pressure or pulsating fluid flow results in an increase in the level of the osteoclast stimulatory factor Prostaglandin E2 (PGE2) throughout the culture medium. Using the same system they also demonstrated that nitric oxide (NO) was released in minutes, reaching a maximum after 5 min. 42 These mechanical in vitro systems and others, along with the biochemical pathways which they proposed are reviewed in more detail elsewhere. 11, 41, 51 The results which are gained using in vitro systems must be interpreted with caution. It is possible that potential mechanosensitive pathways are misrepresented owing to the limitations associated with the in vitro environment. The physiological environment of osteocytes is not accurately reproduced, as such neither are the forces which they are exposed to. 12 Furthermore, the absence of other cell types means that cell culture systems lack vital communication networks which are known to facilitate bone adaptation. 84 To investigate load-induced cortical and trabecular bone adaptation in vivo, a number of animal loading models have been established. These include the murine, ulna, 62, 75, 85 tibia, 21, 25, 32 radii, 31 tibia bending, 72 femur, 74 and vertebra 77 loading models. Some of these models have been used to characterize the biochemical pathways which are activated in response to their specific cyclic loading formats. Kesavan et al.
39 used a cyclic mouse tibia loading model combined with quantitative PCR (qPCR) to investigate the behavior of bone formation and bone resorption markers in response to mechanical stimulation. They extracted large populations of osteocytes from the full bone (cortical and trabecular) by pulverizing the snap frozen tibia and homogenizing the powder in Trizol. The contents of the lysed cells were then processed to isolate high quality total RNA. Purified total RNA was then reverse transcribed and subjected to real-time PCR amplification for selected genes. With this approach they were able to demonstrate the up-regulation of several genes implicated in bone remodeling including type I collagen, ALP, and OCN. In another study, Xing et al. 82 used similar cell harvesting techniques to provide input material for microarray analysis in an effort to identify other genes involved in load induced bone formation. Again using a cyclic mouse tibia loading model, they isolated high quality RNA from pulverized full bone and then used microarrays to investigate the behavior of 20,280 different genes. Results showed that 346 genes were differentially expressed in loaded bones compared to controls. Subsequent pathway analysis revealed that 28 out of the 346 genes exhibited a direct biological association.
Recently, similar global gene expression analyses were performed using the mouse tail vertebra model and a protocol which isolated large populations of trabecular bone osteocytes. 76 The fifth caudal vertebrae of C57BL/6 female mice were dynamically loaded three times a week for 3000 cycles at a frequency of 10 Hz and a peak load of 8 N using a previously developed caudal vertebral axial compression device (CVAD). 77 Large populations of trabecular osteocytes were successfully harvested from loaded vertebrae and enough high quality mRNA 76 was isolated for subsequent DNA microarray analysis. When monitoring the expression of 34,000 genes for short and extended periods of cyclic loading it was discovered that hundreds of different genes were differentially expressed [data not published]. Among these were genes which have known or suspected roles in osteocyte metabolism, however, there were also many load-regulated genes which have not been previously connected to bone metabolism. Comparison of short and long term cyclic loading expression profiles revealed some common genes, however many genes were not similarly expressed. Besides revealing a number of novel genes these data allude to the existence of complex transient pathways and interactions.
Global gene expression essays derived from in vivo models for bone adaptation have identified a number of candidate genes and revealed potential load regulated pathways. However, interpretation of the data is limited. One reason for this is the fact that these techniques report the average effect of tens of thousands of cells thereby concealing potentially important signals. 87 For example, in the many in vivo loading models, which have been discussed, trabecular bone formation is also accompanied by structural reorganization which involves bone resorption. Expression signals are thus representative of both bone forming and bone resorbing genes. Furthermore, because a diverse micro-mechanical environment exists within the micro-architecture of trabecular bone i.e., osteocytes are subjected to a wide range of both compressive, tensile, and sheer strains, it is impossible to precisely define the relationship between gene expression and the mechanical environment.
At tissue-level, with recent technical advances, it is now possible to precisely characterize the diverse mechanical environment in bone and relate, local micro-mechanical environments with local loadinduced bone remodeling events. However, challenges remain on how to relate this to biological pathway information such as gene expression data. Using the previously mentioned cyclic mouse tail loading model in combination with time-lapsed in vivo micro-computed tomography (lCT) and the latest image registration techniques, 66 Lambers et al. 45 were able to track changes in trabecular bone micro-architecture due to cyclic mechanical loading (Fig. 1) . By creating micro-finite element (lFE) models from in vivo lCT images prior to loading, Schulte et al. 67 resolved the mechanical strains which occur throughout the trabecular micro architecture at a resolution of 10 lm. Projection of formed and resorbed surfaces (identified in the registered lCT images) onto the surface of the finite element model revealed that bone was formed in regions of high mechanical strain and resorbed in region of low mechanical strain. The availability of this combined computational and experimental approach makes it possible for researches to investigate, locally, the relationship between bone's mechanical environment and the action of osteoblasts and osteoclasts. Retrieval of molecular information associated with these local events would therefore go some way to further elucidating the mechanisms responsible for load-induced bone adaptation. At a resolution of 10 lm, the lFE model is unable to capture the specific geometry of osteocyte lacunae and canaliculi where mechanical strains are likely to be amplified. 12 ,54 lFE models are thus only able to provide a continuum level measure of the osteocyte's mechanical environment, nevertheless this technique will still be able to distinguish between those osteocytes in regions of high and low mechanical strains, allowing associated gene expression patterns to be grouped accordingly.
Retrieval of molecular information could be achieved in manner similar to that performed by Moustafa et al. 50 In this study, the cyclic ulna mice loading model 21 was used to investigate the relationship between the expression of sclerostin in osteocytes and the local mechanical environment. Immunohistochemistry was used to identify the fractions of osteocytes expressing sclerostin in standard 2D histological sections. Voxel based lFE models with a resolution of 40 lm were then constructed to resolve the mechanical strains throughout the tibia's micro-architecture. By comparing the 2D histology sections of cortical bone with the equivalent 2D plane in the lFE model relationships between sclerostin expression and mechanical strains were searched for (Fig. 2) . Results show that sclerostin seems to be more closely related to the local areas of bone formation (as identified by standard 2D dynamic bone histomorphometry) than to local strain levels. This disagrees to some extent with a similar study performed by Robling et al. 61 who found that the relative numbers of osteocytes expressing sclerostin were directly associated with the magnitude of the mechanical environments. While these approaches allow biochemical information to be spatially related to both mechanics and osteoblastic/osteoclastic activity at a local level, only one molecular target can be investigated at a time. If the molecular networks involved in load induced bone adaptation are to be fully characterized experimental approaches are required which can enable similar correlations to be performed with more molecular targets.
STATE-OF-THE-ART MULTISCALE MODELING OF LOAD-REGULATED BONE ADAPTATION
Owing to limitations in technology, experimental methods alone are unable to fully characterize the governing mechanisms of a biological system. Computational modeling can help to fill the missing gaps in knowledge. The simple act of modeling a biological system forces the synthesis of mechanisms, which by FIGURE 1. Bone microstructure (cross-section) of representative mice from the 8 and 0 N groups at time points when in vivo micro-CT scans were performed. In the top row (8 N group) thickening of the trabecular structure can be observed, while on the bottom row (0 N group) little changes in the bone microstructure can be seen between time points. This becomes even clearer when an overlay of the first with the last scan is observed (bottom). For the 8 N group many yellow sites, indicating bone formation, can be observed around the trabeculae, while for the 0 N mouse formation and resorption are rather balanced (equal amount of blue and yellow structures). Reprinted with permission from Lambers et al. 45 with permission from Elsevier. being able to replicate real world events, help to deduce and further elucidate how the biological system in question functions. As such computational models can be used as a platform to develop and test hypotheses and to build theoretical models of real-world events. A plethora of computational models exist which propose a variety of mechanisms by which bone is remodeled at both cell-and tissue-levels. At the celllevel computational models reconstruct the probable paracrine networks using partial differential equations to describe the dynamics of osteoblast-osteoclast interaction. For example, based on the RANK-RANKL-osteoprotegerin pathway, Lemaire et al. 47 derived a series of partial differential equations which describe osteoblastic and osteoclastic activity as a closed loop control network, mediated by paracrine factors such as parathyroid hormone (PTH) and transforming growth factor beta (TGF-b). In doing so they were able to depict the differentiation, proliferation, and death of populations of each cell type as a function of time. Recently, the model used by Lemaire et al. 58 has been extended to include a more explicit description of ligand-receptor kinetics. Furthermore, this and other models have been developed to model the cell-cell dynamics in simple spatial domains, 14, 65 providing insights into how osteoblasts, osteoclasts, and their progenitors are coordinated spatially. The primary focus of most cell-level models is osteoclastosteoblast interaction, most are yet to incorporate the proposed role of the osteocyte and its molecular mechanosensitive pathways. Currently, there is only one model which addresses this issue. Maldonado et al. 48 have described a preliminary model which integrates the osteocyte with osteoblast-osteoclast interactions as described by Lemaire et al. 47 Here it is assumed that osteocytes respond to mechanical stimuli and initiate osteoblast activity through pathways involving NO and PGE2. 16, 18 Besides resolving the proliferation and number of active osteoblasts/osteoclasts, Maldonado et al. have also tentatively linked cellular activities with geometric changes in the x-y plane of a cylindrical idealization of cortical bone. For a more detailed description of the different cell-level models which have been developed for bone, the reader is referred to a more focused review. 78 At the tissue-level computational models attempt to deduce the mechanisms by which trabecular microarchitecture adapts to external mechanical loads. In an early approach Fyhrie and Carter 27 developed the theory of self optimization whereby the distribution of structural elements was determined according to structural optimization theory that determines, for a given load, the most efficient structural arrangement. This theory was applied to the proximal femur in order to predict the of trabecular bone density distribution. 28 When compared with the actual trabecular density distributions in proximal femurs predictions were shown to be relatively good. However, this approach does not explicitly describe the micro-architecture of trabecular bone.
Later approaches described the geometry of trabecular bone along with its local micro-mechanical environment and simple empirical relationships have been implemented to describe the otherwise complex biochemical relationships between osteocyte, -blast and -clast populations. For example, the model developed by Adachi et al. 3 subscribes to the theory that osteoblast/osteoclast activity is proportional to the magnitude of the mechanical signal sensed by neighboring osteocytes. 2 This theoretical premise was implemented using representative 3D trabecular structures, composed of small cubic elements (or voxels) together with lFE analysis. 40 Assuming that osteocytes were uniformly distributed throughout voxels space, their local micro-mechanical environments were computed for a specific set of external boundary (loading) conditions. The magnitude of the mechanical signal sensed locally by a group of osteocytes (i.e., the voxel strain) then dictated if osteoblasts formed new bone (additional voxels were added) or osteoclasts resorbed old bone (voxels were removed). Ruimerman et al. 64 used a similar approach, however instead of linking both osteoclast and osteoblast activity to the strength of the mechanical signal sensed by osteocytes, osteoclast activity was assumed to be random. 35 This particular aspect is based on the assumption that osteoclasts are active at sights of micro-fractures, which occur in a spatially random manner owing to daily loading activities.
A limitation of these micro-architectural approaches is that they lack the definition of realistic boundary conditions, which in reality are derived from loading patterns at the organ-scale. This issue has recently been addressed by both Coelho et al. 20 and Be'eyr-Lipperman et al. 8 Both used a global-local hierarchical approach in which a global model of an entire bone supplies strain and density information to a series of local models characterizing the trabecular microstructure at a specific location in the global model.
A common limitation of the aforementioned modeling approaches is that they assume trabecular bone to be a homogeneous isotropic material, where as in reality owing to the orientation of collagen fibers it is not. 6 This heterogeneity is further compounded by the fact the levels of mineralization differ throughout the trabecular architecture. 55 Furthermore, assumptions are made about the nature of the mechanical signal responsible for initiating adaptation. It is common to use strain energy density as the stimulus which is a measure of the amount of strain sensed by osteocytes, implying that structural deformation is responsible for load-induced bone adaptation. However, fluid flow (strain gradients) 44 or fatigue damage 60 could be contributing factors all of which are dependent on the dynamic aspect of the mechanical signal, i.e., frequency which is rarely included. 1 For a more detailed description of tissue-level models the reader is referred to more focused reviews. 30, 78 The insight which can be provided by cell-or tissuelevel models is limited. Cell-level models have the potential to explain the biochemical mechanisms controlling osteocyte, osteoblast, and osteoclast activities, however, they are uninformative about how these processes are coordinated in space and time to selectively reorient and thicken certain individual trabeculae. Tissue-level models on the other hand are constrained to the latter case. To provide a more complete description of load-induced bone adaptation, Shim et al. 69 recently linked cell-and tissue-level models using a multiscale framework. The main aim of this study was to develop a computational frame work, which could be used to investigate the biochemical and biophysical processes, spanning multiple scales at the bone-cartilage interface which lead to osteoarthritis. The authors hypothesized that the progression of osteoarthritis can be attributed to the following chain of events: Altered patterns of mechanical loading, due to knee injury, induce abnormal patterns of remodeling in subchondral bone. This augments and shifts peak cartilage strains, the supra-physiological nature of which causes the release of pro-inflammatory cytokines, which in turn initiates cartilage degradation. To test this hypothesis it was necessary to link tissue-level models defining the physical micro-mechanical environments in both bone and cartilage with cell-level models defining the biochemical processes involved in bone remodeling and the pathological release of cytokines in cartilage (Fig. 3) . This was achieved by using the open-source markup languages FieldML 19, 24 and CellML. 15, 53 By implementing a generic web-based language, FieldML is able to capture the spatially varying information for both bone and cartilage, whereas CellML is used to define the intracellular networks and paracrine kinetics which determine cell activity. The spatial organization of bone and cartilage was defined with a 2D electron microscope image showing cartilage and subchondral bone (Fig. 3) . Mechanical signals defined at the tissue-level were then passed to and processed by cell-level models unique to both bone and cartilage. The outcome of the cell-level models was then used to instruct tissue-level models to add or remove structural elements.
The simulated outcome of these simulations were consistent with observations reported in separate studies which showed that altered mechanical loads led to increased loading in more fibrillated and thinner regions of cartilage, 5, 23 thereby supporting the hypothesis that osteoarthritis is indeed mediated by altered loading patterns in the knee. This study demonstrates the ability of multiscale approaches to provide a more complete description of load-regulated bone biology. Furthermore, its modular structure permits the extension of code at the cell-level to incorporate the most up-to-date pathways as well the interchange of different tissue-level models. However, without quantitative validation its ability to assess the theories which it implements is limited. Other than being able to reproduce outcomes which are qualitatively consistent with experimental observations, the models which form such multiscale approaches have received little in the way of quantitative validation both as independent and co-dependent entities, a fact which is also true of all the aforementioned cell-and tissue-level models. For example, at the cell-level outcomes of Lemaire's simulations were only validated in the sense that the directional change of osteoblasts/ osteoclast populations and activities (increase or decrease) agreed with those reported experimentally. At tissue-level the approaches conceived by Adachi, Ruimerman and co-workers have only been validated in the sense that they have been shown to replicate certain aspects of adaptation observed in vivo, for example trabecular realignment and thickening. They have also been shown to yield structures with a similar bone volume density to those measured in humans. Although qualitative validation in this manner does provide a certain level of credibility it is not enough to properly authenticate the theoretical mechanisms they propose. With this in mind, if multiscale computational models are to provide further insight into load adaptive mechanisms, experimental approaches are required which are (i) suitably aligned with the in silico setup and (ii) capable of retrieving quantitative data from cell-and tissue-levels which can be directly compared to multiscale simulations.
A MECHANICAL SYSTEMS BIOLOGY DESCRIPTION OF LOAD-REGULATED BONE ADAPTATION
As previously established, the direct relationship between the local mechanical environment, the molecular pathways activated in osteocytes and the local bone remodeling activities has not yet been defined. Furthermore, computational models at the different scales, which attempt to model aspects of these unknown relationships require quantitative validation. Experimental methods are therefore needed which can retrieve molecular information from osteocytes, quantify their local micro-mechanical environments and relate these to both osteoblastic and osteoclastic activities. The availability of registered, in vivo lCT for the cyclic vertebra loading model, along with the lFE models goes some way to satisfying these needs. Combining this data with the multiscale framework presented by studies such as Shim et al. 69 would provide immediate opportunities to assess the mechanisms which are proposed in both cell and tissue level computational models, so long as the different cell-and tissue-level models are inserted appropriately into the multiscale framework. However, to enhance the overall picture, information is also required which describes localized molecular regulatory networks. This is not possible with current experimental protocols, i.e., pulverization of bone and the extraction of large heterogeneous cell populations or the use of immunohistochemistry (IHC). If this is to be realized, methods are required which, in essence combine the quantitative nature of microarray or PCR with the spatial attributes of IHC. In other words, methods which can isolate single or small populations of osteocytes quantify the expression of multiple molecular targets and relate these locally to regions of bone formation and the micro-mechanical environment.
Recent developments in cell isolation technology and gene expression essays have opened the doors for local gene expression analysis of small cell populations isolated from both soft and hard tissue. Emmert-Buck et al. 22 introduced a technique called laser capture microdissection (LCM), which was further developed 68 to allow the isolation of single cells in a non-contact way from sectioned tissue, followed by reverse transcription PCR analysis. In short, a laser is used to cut around the area of interest on a previously sectioned tissue mounted on a glass slide. The cut area is then transferred to the cap of an Eppendorf tube by a short laser pulse, which catapults the tissue from the glass slide. Even though bone is difficult to section, Jacquet et al. 37 demonstrated that they were able to detect the 18s RNA in as less as ten chondrocytes harvested from cryosections of murine tibia. However, owing to the amount of starting RNA required by the bench-top gene expression assays, only a limited number of genes can be quantified by RT-PCR.
With the advent of microfluidic devices it is possible to analyze and quantify gene expression for a large number of genes in single cells. 13, 70, 87 It is likely that in the near future microfluidic devices and new technology platforms will be available which are capable of performing micro-array analysis on single cells. 49, 71, 79 With this in mind, if cryosectioning and laser-capture microdissection techniques are coupled with microfluidics and applied to cyclic loaded bones, it will be possible to retrieve the local molecular information which is lacking. This has added advantages when combined with loaded bones which are monitored using in vivo lCT, for example in mice vertebrae. By developing software to translate osteocyte positions in 2D cryosections to their corresponding positions in registered 3D in vivo lCT volumes and their lFE models it should be possible to relate gene expression in individual osteocytes with their local micromechanical environment. Moreover, the same principles can be applied to osteoblasts and osteoclasts. Pilot studies (data not shown) have shown that both osteoblasts and osteoclasts are present on bone surfaces in the cryosections. Spatial mapping of these cells with the developed registration software as well as extraction using laser capture micro-dissection will enable questions related to RANKL, OPG, and Sost pathways to be addressed. Information retrieved from sequential in vivo lCT measurements can also be used to address such questions since the biochemical response of osteocytes can be correlated with markers of osteoblastic and osteoclastic activity i.e., the amount of newly formed or resorbed bone volumes and the rates at which they occur.
This experimental approach would not only provide more insight into the mechanisms governing load induced bone adaptation but would also provide data at both cell-and tissue-levels, which could be used to validate multiscale computational approaches. This strategy, which we would like to term Mechanical Systems Biology in Bone, is illustrated in Fig. 4 and consists of the following workflows: (1) in vivo lCT images are generated at the start (T0) during (T1, T2) and at the end (T3) of a cyclic loading study and registered to quantify local areas of osteoblast/osteoclast activity. (2) Micro finite element models are created from in vivo lCT scans describing the state of bone before cyclic loading. This is used as the input for tissue-and cell-level computational models. Using a multiscale framework similar to that proposed by Shim et al. 69 the effect of loading on bone is simulated. The outcome of which can be directly compared to in vivo lCT data. (3) At the endpoint of the experiment, the loaded bone is harvested and cryosectioned. These sections are registered in the three dimensional lCT images to identify the location of osteocytes. Osteocytes are harvested from the cryosections using LCM and transferred to microfluidic arrays for gene expression quantification. These data are used to create spatial gene expression maps which can then be correlated with both registered lCT images and the lFE model to better characterize the relationship between molecular activity, the local osteoblast/osteoclast activity and the associated micro-mechanical environment. The experimental components of this workflow will provide more insight into the mechanisms governing bone adaptation and allow quantitative validation of both cell-and tissue level model.
CONCLUSIONS
This review gives an overview over the state-ofthe-art in experimental and computational techniques in the field of load-induced bone adaptation. Furthermore, the limitations of these approaches were discussed. Only up-until recently have approaches started to span spatial scales, relating mechanical load at the tissue scale to molecular responses at the cellular scale. By coupling old and emerging technologies we have outlined a mechanical systems biology approach to further these advancements and overcome some of the limitations. When realized this should lead to a better understanding of the adaptive remodeling processes in the bone. 
